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indicate that the systemic infection of 5-58 resulted from recombination between mRNA expressed by the plant and the challenging deletion inoculum.
Several deletions within 5-58 shifted the capsid open reading frame (ORF) 13 codons (Fig. 3) . Despite these amino acid substitutions, sap extracts from 5-58 initiated typical CCMV systemic infections in both cowpeas and N. benthamiana, and normal yields of virion RNA were recovered from both species. Therefore, RNA recombination in 5-58 produced a mutant form of CCMV by aberrant homologous recombination within the overlapping region of the transgenic mRNA and the viral inoculum.
Of 125 transgenic plants tested, four recombinant viruses have been verified from three different transgenic plant lines. Despite attempts to favor homologous recombination by providing 338 overlapping nucleotides between the transgenic viral mRNA and genomic RNA of the challenging virus, sequences derived from recombinants revealed that each resulted from a distinctly different aberrant homologous recombination event (Fig. 3) . Therefore, precise recombination was not required to restore virus viability.
Previous bromovirus studies have demonstrated RNA recombination only within noncoding regions (4-6). This report demonstrates intragenic recombination in 3% of the transgenic plants inoculated. Regeneration of a functional ORF must provide stringent selection pressure on recombination products.
One factor that may contribute to recombination is the presence of the complete 3' untranslated sequence from CCMV RNA3 in the mRNA transcript. Since the viral replicase complex initiates minus strand RNA synthesis on this terminal sequence (20), its presence may enable replication to begin on the mRNA transcript and then switch to the RNA inoculum to complete synthesis. Thus, the presence of 3' untranslated sequence may target the transcript to the replication complex and enhance the possibility of recombination. This would be consistent with the template-switching model for RNA replication (21). Because the 3' untranslated region of the virus may lend stability to the viral RNA, it is frequently included in transgenic constructions.
Recombination during RNA virus replication contributes to the rapid evolution of RNA viruses and could affect host range or vector specificity, traits that have been attributed to capsid proteins of several plant viruses (22). As transgenically expressed viral mRNA is available to recombine with replicating RNA viruses, RNA recombination should be considered when analyzing the risks posed by virus-resistant transgenic plants. Theophylline is a naturally occurring alkaloid that is used widely as a bronchodilator in the treatment of asthma, bronchitis, and emphysema (10). Because of its narrow therapeutic index, serum levels must be monitored carefully to avoid serious toxicity (10). Theophylline is also chemically similar to theobromine (3,7-dimethylxanthine), which, like caffeine, is present in serum samples. Thus, diagnostic methods must discriminate efficiently among these compounds (11).
To screen for RNA molecules with affinity for theophylline, we generated a pool of 1014 RNA molecules that contain a 40-nucleotide region of random sequence. The RNA pool was added to a Sepharose column to which 1-carboxypropyl (CP) theophylline was covalently cross-linked (12). Bound RNA was eluted by the addition of 0.1 M theophylline. The eluted RNA was converted to DNA and amplified by polymerase chain reaction (PCR) as described (13) . This set of procedures constituted one SELEX round.
The progress of the experiment over eight rounds was monitored by determining the percent of the labeled RNA that was eluted from the column specifically by theo- Fig. 2 ). This binding affinity is similar to that observed for monoclonal antibodies raised against theophylline (14) . No significant binding of theophylline to this RNA was observed in the absence of Mg2+, but binding was constant in the presence of 5 to 100 mM Mg2+.
A 38-nucleotide truncated version of the TCT8-4 RNA (mTCT8-4) (Fig. 1B) was synthesized to determine the minimum requirements for high-affinity binding to theophylline. This RNA has a Kd of 0.1 IuM for its interaction with theophylline ( Fig. 2) , confirming that all structural determinants required for theophylline binding are contained in this truncated RNA. Thermal denaturation studies on mTCT8-4 yielded a Tm (temperature at which 50% of the RNA is denatured) of 72°C, in the presence or absence of theophylline, indicating that this RNA forms a very stable secondary structure. (Fig. 2 and Table 1 ). Relative binding constants of eight other xanthine derivatives for the TCT8-4 RNA were determined (Table 1 ) and used to define the specific molecular components required for high-affinity binding to RNA.
The N-7 hydrogen of theophylline is critical for tight binding, as demonstrated by competition with caffeine, 7-methylxanthine, and 3,7-dimethylxanthine, which all have binding affinities less than 1/1500 of that of theophylline. Thus, we hypothesize that the N-7 hydrogen of theophylline forms a hydrogen bond with an acceptor in the RNA binding pocket (Fig. 3) gen bond involving the N-7 position on theophylline and possibly additional hydrogen bonds involving the oxygens attached at C-2 and C-6, a binding pocket involving a steric boundary at the C-8 region, and a hydrophobic region to accommodate the N-3 methyl (Fig. 3) . To support the secondary structure model (Fig. 1B) , we recorded 1H nuclear magnetic resonance (NMR) spectra on the mTCT8-4 RNA. Imino proton spectra of nucleic acids yield qualitative information on secondary structure and can be used to monitor base pair formation (15). The imino proton chemical shifts of the free RNA and the theophylline:RNA complex (Fig. 4) are consistent with the secondary structure of mTCT8-4 given in Fig. 1B .
Dramatic spectral changes were observed upon theophylline binding. Many imino proton resonances shift position in the 1:1 complex of theophylline with mTCT8-4 RNA. This spectrum also contains five additional resonances not observed in the free RNA (Fig. 4) . This indicates that binding of theophylline either induces a conformational change involving formation of additional base pairs not formed in the uncomplexed RNA or stabilizes a conformation that is dynamic in the uncomplexed RNA.
The data (Fig. 4) show that at a 0.5:1.0 ratio of theophylline to RNA, there is a 1:1 mixture of free and bound RNA, demonstrating that the stoichiometry of binding is one theophylline per RNA. This is confirmed by the absence of a significant difference between the spectra taken at a 1:1 and a 2:1 ratio of theophylline to RNA.
Qualitative analysis of the spectrum of the 1:1 complex shows 14 to 15 imino proton resonances between 11.8 and 14.2 parts per million (ppm), which is the region where G and U imino protons resonate in standard GC or AU base pairs or GU wobble base pairs (16) . Two additional resonances are observed in the complex (but not the free RNA) at 11 and 15 ppm. The peak at 11 ppm is consistent with several possibilities, including a G or U that forms a nonstandard base pair, such as a GA or reverse Hoogsteen AU, or a nonbase paired imino proton that is inaccessible to solvent (15). An imino proton resonance at 15 ppm is unusual and suggests formation of an A or C protonated imino group (17).
In combination with previous work (1-9), we have demonstrated the application of oligonucleotide library selection to a broad size range of biomolecules. An important aspect of these studies was the use of the modified procedure counter-SELEX, which was used to accelerate the rate at which specific ligands were obtained, and more importantly, to selectively remove RNAs with affinity for targets that are structurally closely related to the target of interest. One of the selected RNAs shows binding discrimination between theophylline and caffeine that is 10-fold better than that for available antibodies (14) . In addition, this RNA possesses a binding affinity to theophylline over 100-fold greater than that to other oligonucleotides that have been selected to bind to small molecule targets (6, 7). These results illustrate that small RNAs can display molecular recognition and specificity with extremely high resolution and illustrate the potential utility of oligonucleotides as diagnostic reagents. The adenosine triphosphate (ATP)-driven Na,K pump, or Na,K adenosine triphosphatase, extrudes three Na ions in exchange for two K ions and therefore generates an electrical current (1) (Fig. 1A) . Recently, it was proposed that the immediate source of electrogenicity in the Na,K pump cycle is the binding and dissociation of Na from an "access channel" open to the extracellular side (2) (step 4 of Fig. 1A ). This proposal explains neatly why changes of extracellular Na and membrane potential appear equivalent in Na flux studies ( The adenosine triphosphate (ATP)-driven Na,K pump, or Na,K adenosine triphosphatase, extrudes three Na ions in exchange for two K ions and therefore generates an electrical current (1) (Fig. 1A) . Recently, it was proposed that the immediate source of electrogenicity in the Na,K pump cycle is the binding and dissociation of Na from an "access channel" open to the extracellular side (2) (step 4 of Fig. 1A ). This proposal explains neatly why changes of extracellular Na and membrane potential appear equivalent in Na flux studies (2) in (3, 10) ], -400 s-1 in these records at 37°C. They appear to saturate toward a maximal value with hyperpolarization, and their voltage dependence can be described by a Boltzmann function (midpoint, -170 mV; slope, 0.74, appropriate for movement of one charge through 74% of the membrane field). Complete saturation at negative potentials was found when the initial rates were examined from -50 to -400 mV during 0.4-ms voltage pulses. The rate of Qslow (as well as its magnitude) already reaches a maximum value at -150 mV when extracellular Na is increased to 180 mM.
REPORTS REPORTS

S. C. Gill, S. E. Weitzel, P. H. von
The fact that the reaction rates of Qslow saturate at both extremes of potential and are dependent on extracellular Na suggests that a fast, electrogenic Na binding reaction may be "sandwiched" between (that is, 1429 include electrogenic steps (9), and they can then be driven back and forth by changes of membrane potential (dotted field). The corresponding charge movements (3, 10) are isolated by the subtraction of records in the absence of cytoplasmic Na, ATP, or both from records in the presence of cytoplasmic NaandATP (11).
Typical Na,K pump charge movements are shown in Fig. 2A, with in (3, 10) ], -400 s-1 in these records at 37°C. They appear to saturate toward a maximal value with hyperpolarization, and their voltage dependence can be described by a Boltzmann function (midpoint, -170 mV; slope, 0.74, appropriate for movement of one charge through 74% of the membrane field). Complete saturation at negative potentials was found when the initial rates were examined from -50 to -400 mV during 0.4-ms voltage pulses. The rate of Qslow (as well as its magnitude) already reaches a maximum value at -150 mV when extracellular Na is increased to 180 mM.
The fact that the reaction rates of Qslow saturate at both extremes of potential and are dependent on extracellular Na suggests that a fast, electrogenic Na binding reaction may be "sandwiched" between (that is,
